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Consequences of Technological Strategies for Competitiveness:
Lessons from Statistical Analysis and Dynamic Modeling
Frank H. Maier*
ABSTRACT
Continuous technological change is often cited as a prerequisite for competitiveness and
survivability of companies and whole economies alike. Although technology influences all
activities in a company's value chain, technology particularly affects a company's
competitiveness in the area of manufacturing. This paper falls within the scope of the
international empirical research project "World Class Manufacturing". In this project mainly
statistical methods are used to explore critical management practices and success factors in the
field of manufacturing. Data collected in more than 150 plants worldwide, serve as the empirical
database to formulate a widely proven theory of "World Class Manufacturing".
A large subset of the project, and the focus of this paper, is the field of technology. In a first
step, the data are used to test hypotheses, about the effects of technology on several measures of
performance. This part uses the typical and widely accepted approach of empirical analysis.
However, as it will be shown, statistical methods are insufficient to investigate the highly
dynamic area of technology, and to show and explain the influences of technology on
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competitiveness. Therefore, in the second step some basic feedback structures of a System
dynamics model are presented. This structure is tested on the basis of data collected within the
empirical survey. The model then can be used to investigate, whether there are specific conditions
under which technology strategies lead to a competitive advantage or are condemned to failure
from the very beginning. Additionally, it will be shown, how system dynamics based modeling
and empirical research can contribute from each other and support the process of theory building.
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A. IMPORTANCE OF TECHNOLOGY FOR MANUFACTURING'S
COMPETITIVENESS
Continuous technological change is often cited as a prerequisite for competitiveness and surviv-
ability of companies and whole economies. Although technology influences all activities in a
company's value chain, in particular technology may affect a company's competitiveness in the
field of manufacturing. Products manufactured and sold to the customer, processes used to make
the products, and information systems used to integrate the various areas of a company are each a
part of the technology in use and are expected to show an impact on several performance
measures of the manufacturing system. Hence, effective implementation and use of technology is
commonly seen as a strategic weapon in the battles of a company against competition (Porter
1985).
Since there is no broad empirical research about the impact of the use of technology in
manufacturing on the performance of manufacturing, the question arises whether outstanding
technological performance really is critical to the success. Furthermore, if the hypothesis that
technology is an important success factor can not be falsified l, are there specific conditions and
general structures that cause the use of technology to be effective? Moreover, can technology be
seen as independent to other areas of the company, e.g. the human resource sector or the
manufacturing strategy? What are the linkages and are there any reinforcing or limiting feedback
structures which automatically lead to competitive advantages or hinder the successful
1 Note that in the tradition of Popper in socio-economic systems hypotheses only can be falsified, and never be
finally verified. Verification is only possible in the case of logically determined sentences (Popper 1958, see also
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implementation and use? These and related questions seem to be important and deserve our
attention; several of these aspects will be investigated in this paper.
B. AIMS AND RESEARCH METHOD OF THE PROJECT "WORLD CLASS
This paper is based within the scope of the international research project "World Class Manufac-
turing". The aims of the project are to identify the management practices pursued by plants which
are commonly seen as being at the leading edge in their industry with respect to performance. In
literature e.g., quality management practices, human resources management, information
technology, product and process technology, Just-in-Time, management support, employee
commitment, and among others, implementation of a manufacturing strategy, are seen to be
critical success factors. The degree of implementation and use of these practices is assumed to
influence typical manufacturing performance measures like, internal and external quality, on time
delivery, inventory turnover, or flexibility. The original aim of the project is to investigate success
factors of manufacturing on the basis of statistical analysis of the international empirical research
data base.
The data base comprises qualitative and quantitative information collected in 155
manufacturing plants from USA, Japan, Italy, United Kingdom, and Germany. Data have been
collected in the automotive and automotive supply industry, the electronics industry and the
machinery industry. In order to be able to identify the management practices of World Class
Manufacturers, the sample consists of two groups. The first group represents plants with strong
Chmielewicz, 1979)
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evidence of being 'World Class'. The second group comprises randomly selected 'traditional'
plants. Table 1 shows the actual composition of the data base with respect to the industry and the
country the plant is located.
I .I f -
30
37
21
34
33
USA 10 10 10
*,, I 1 .... I I I I I
I Japan 8 15 14
1 Great Britain 7 7 7
.... I I I I l;
IItaly 10 11 13
Germany 13I I I I I
Germany 13 9 1 1
48 52 55 5155 ~-
Table 1: Composition of the data base
In each plant, 26 employees-from the plant manager to the direct labor employees-had to
fill out questionnaires asking for a plenty of qualitative and quantitative data. Qualitative
information was collected on the basis of statements to which the respondents had to indicate-
based on a five point Likert scale-to what extent they agree with the statement. The statement
cover a wide range of aspects. Similar statements then are combined to factors. Table 2 shows, as
an example, the statements which form the factor to measure the effective implementation of new
process technology in the plant. The statements the of this factor were spread unordered over the
questionnaires and mixed with the items of other factors in order to hide the intended subject of
measurement. After the data collection had been finished, the data from the individual
respondents level were aggregated to the plant level, and the factors were calculated as the mean
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of the connected items. Factor analysis and Cronbach's Alpha were calculated to judge construct
validity and reliability (see Nunnally 1978, for a brief description see also e.g.
Sakakibara/Flynn/Schroeder 1993, Flynn/Schroeder/Sakakibara 1996).
Factors similar to the one shown in Table 2 have been constructed to measure to what extent
management practices in the areas of quality management, Just-in-Time manufacturing,
manufacturing strategy, information technology, and among others human resource management
are used. E.g., several factors from the human resource practices measure the degree of
commitment, the use of problem solving teams, the pride in work, and the shop floor contact of
management.
Measured factor:
Effectiveness of implementation of new manufacturing process technology
Internal code Statement and scale Factor
in data base - = I fully disagree loading
] = I fully agree
TSEIR01 We often fail to achieve the potential of m m m F m 0.604
new process technology.
TSEIR02 Once a new process is working, we Ewl 1 II E 0.631
leave it well enough alone.
TSEIN03 We pay particular attention to the
necessary organizational and skill [1 [] 1 I [5]E 0.737
changes needed for new processes.
TSEIN04 We are a leader in the effective use of
new process technology.
TSEIN05 We search for continuing learning and
improvement after installation of the i 2 [ E 5 0.764
equipment.
Reliability of factor (measured by Cronbach's Alpha): 0.727
Respondents to items:
Plant Manager, Plant Superintendent, Process Engineer
Table 2: Example of measurement of qualitative information
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The quantitative information collected covers a broad variety of data such as, sales volume,
manufacturing cost, value of inventory, number of employees, percentage of products introduced
in the last five year, age of equipment, year of first use of CAD or CAM, percentage of scrap and
rework, cycle time, lead time, etc. To collect quantitative information, we concentrated on the
person who should have the data most easily available, e.g., the account manager was asked about
sales and cost figures and other accounting information, and the human resource manager was
asked about the number of employees or the total hours of training. Both, qualitative and
quantitative data were then used to investigate hypotheses about the use of management practices,
and their effects on plant performance using various statistical methods such as regression
analysis, structural equation modeling, canonical correlation analysis, as well as cluster and factor
analysis.
C. WHAT EMPIRICAL RESEARCH CAN TELL US ABOUT TECHNOLOGY AND
COMPETITIVENESS
An area of particular interest in this project, and also the main focus of this paper, is the field of
technology. In the following, it will be exemplary shown how hypotheses about the influences of
technology on the different measures of plant performance are tested. Since technology is a
sparkling term with different facets and which can potentially impact every part of a company it
must be clarified first.
I. Technology-A Sparkling Term
Traditionally, technology comprises the aspects of a plant's products-product technology-and
production-process technology or manufacturing technology. However, nowadays technology
5
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also includes information systems and thus, information technology. The different aspects of
technology are closely interrelated. For example, Computer Integrated Manufacturing (CIM) as a
part of the manufacturing system is unthinkable without information technology. Product design
and product technology strongly influence the producibility in manufacturing and define the
manufacturing technology required. Computer Aided Design (CAD) as a means from the field of
information technology is speeding up the process of development of new products (Steele 1989).
High standard product technology is seen as the prerequisite for sustaining competition. The
better the products of a company are, the higher the competitive advantage is. High performance
plants use practices which increase their ability to introduce new products more frequently and
faster than the competitors. These practices serve as a means to increase customer's benefits and
finally to improve or sustain the competitive advantage. However, product technology should not
be seen as isolated from production. Quality, number of different parts, and manufacturability
defined by product development have a strong influence on manufacturing, the necessary process
technology, and the ability of marketing to promote sales. Hence, World Class Manufacturers
regard these aspects as interrelated. They consider both, customer needs as well as supplier's and
manufacturing's capabilities during the early stages of product development.
Effective use of manufacturing technology is a means for the achievement of flexibility to
changes in production volume, to changes in the job shop schedule, and to changes in the type of
product to be manufactured. High quality products are not solely a result of the application of
comprehensive systems of quality management. In fact, quality is also influenced by the
technology used in manufacturing, e.g., through the use of machines with automated inspections
6
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or emphasizing the importance of manufacturing equipment with low deviation of tolerances,
scrap, and rework. Low costs are influenced by the manufacturing technology as well, e.g.,
through economies of scale as well as economies of scope, low down time of equipment caused
by production stoppages, short set up time, and a low percentage of rework and scrap.
Manufacturing technology also has the role of ensuring a plant's ability to meet customers'
demands regarding on-time delivery and short delivery time. To a large extent the increasing
capabilities of manufacturing technology result from the developing capabilities of computers and
information systems. Information technology is becoming an important, perhaps dominant
influence in the manufacturing field (Steele 1989). Information technology is the basis for a
plenty of concepts directly related to manufacturing at the plant level2 . Modem and state-of-the-
art manufacturing technology incorporates the capabilities information technologies offers and is
strongly determined by the product technology a plants wants to produce. As information
technology and product technology improves new manufacturing technology evolves and vice
versa.
II. Exemplary Results of the Statistical Analysis
All above described aspects of technology are assumed to show direct and indirect impact on the
competitiveness and the performance of a plant. In the following the paper will first concentrate
on manufacturing technology and investigate the impact of manufacturing technology on the
2 Computer integrated manufacturing (CIM) with its components of CA-components such as CAE (Computer
Aided Engineering), CAD (Computer Aided Design), CAM (CAM Computer Aided Manufacturing), CAP
(Computer Aided Planning), or CAQ (Computer Aided Quality Control) are tools that would never exist without
computers and information technology.
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performance of the manufacturing system. The investigation of the impact of manufacturing
technology serves hereby as a role model for the traditional approach of empirical research and is
used to show potential problems which result from using solely statistical analysis in the context
of highly dynamic problems.
Table 3: Indicator of the manufacturing performance of a plant
As manufacturing technology is assumed to show a strong direct influence on plant
performance, the following a statistical analysis concentrates on the aspects of manufacturing
technology rather than product and information technology. To measure the manufacturing
technology performance of a plant, an aggregate indicator is formulated based on subjective and
3 Following statistical tradition this item should not be included due to a factor loading being below 0.5.
However, due to its importance as an objective measure of the newness of the equipment and the modernity the item
will not be excluded from the factor.
Measured factor:
Manufacturing technology performance
Factor
Standardized Statement: loading
item name
Please indicate your opinion about how your plant compares to its
competition, on a global basis (5 = superior or better than average,
... 1 = poor or low end of the industry)
ZPCC1 G Innovative manufacturing 0.833
ZPPC2 G Use of computer in manufacturing 0.871
ZPCC3 G Process technology 0.870
Objective information about the newness of equipment
ZNEW_ EQG Calculated based on the percentages of equipment that fall into the 0.4363
following categories: Less than 2 years old, between 3-5 years old,
6-10 years old, 11-20 years old, over 20 years old
Reliability of constructed scale measured by Cronbach's Alpha: 0.7574
Respondents to items:
Plant Manager, Plant Superintendent, Process Engineer, Plant Research Coordinator
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objective data. Table 3 shows the components of the manufacturing performance and the
measures of reliability and construct validity.
The questionnaires asked how the plant compares to its competition on a global basis in the
areas of manufacturing innovativeness, use of computers and use of process technology. In
addition to this subjective information, data regarding the age of the plant equipment was
collected. The responses have been standardized by industry and aggregated to the measure of the
manufacturing technology performance.
The measure of manufacturing technology performance is assumed to have an impact on
several measures of plant performance. Several hypotheses can be formulated and investigated
using regression analysis. As examples serve the postulated relationships between manufacturing
technology standards on the one hand and the ability to change the mix of products to be
manufactured on the shop floor and to adjust the production volume on the other.
H 11:A plants quality of manufacturing technology is related to its flexibility to
change the mix of products to be manufactured.
H 12:A plants goodness of manufacturing technology is related to its flexibility to
change productions volume.
Figure 1 gives an overview on the hypothesized relationships as well as the results of the
regression analysis. Starting on the left with the indicator of manufacturing technology each
arrow reflects a hypothesized relationship to the variable it is connected to. Hence, in addition to
H1 and H 2 which are represented through the connecting arrows between manufacturing
9
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performance and the first two rectangles, it was expected that manufacturing performance
decreases a plant's time horizon from which on the production schedule is frozen and has to be
followed, increases the on time delivery rate, and improves its ability to deliver the products
manufactured fast. The rational behind these hypotheses is that state of the art manufacturing
equipment is more flexible due to lower set-up time, and can produce small lot sizes very cost
efficient. It is also expected that the reliability of modem manufacturing equipment is higher,
offers, e.g., automated quality control. Thus less products are returned from the customer with
defects. All these postulated relationships could not be falsified and consequently the hypotheses
are accepted. Although, the proportion of variance explained as indicated by the R 2 is low. This
indicates that there are additional factors explaining the performance measures and shows that
additional research is necessary. For example, flexibility could partly be explained by well trained
employees in the production line and the production management.
A further hypothesis is that these performance measures can be externally perceived and thus
honored by the customers. Hence the customer satisfaction should increase as the performance
measures improve. However, as shown in Figure 1, delivery time and the percentage of products
returned defective have a low correlation a and an insufficient significance level. Consequently,
in a mainly statistical research the related hypotheses would have been falsified. The remaining
linkages between the externally perceivable performance measures and the customer satisfaction
explain 27.5 % of its variance4.
4 Note that customer satisfaction is a subjective measure determined as shown in Table 2. It reflects the opinion
of the employees within the plant about the customer satisfaction and does not measure the customers opinion. It is
10
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Figure 1: Hypothesized relationships between manufacturing technology and performance
Beyond the externally perceivable performance measures it is hypothesized that state of the art
manufacturing technology shows an impact on internal performance measures. Besides a lower
percentage of products returned by the customers, it is postulated that the percentage of cost for
scrap and rework, the down time of equipment due to machine break downs, the percentage of
products which pass final inspection without necessary rework, and the cycle time decreases,
while the inventory turnover increases. However, only the cost of scrap and rework and the
percentage of products returned defective are influenced significantly by manufacturing
assumed that the employees communicate in the questionnaires the information they receive from the customers
manufacturing
technology
delivery time
I
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·
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technology performance as Figure 1 shows. Since this is to some extent surprising it indicates that
more detailed research is necessary. Also, the hypotheses reflected through the arrows between
the internal performance measures and the variable "value added per employee"-from a
statistical point of view-have to be rejected.
Following the causal map from Figure 1 further to the right it is additionally hypothesized that
customer satisfaction is related to the market share and market share as well as the value added
per employee, influence the final performance measure represented by the cost sales ratio. Cost
sales ratio can be interpreted as profitability. However, only the value added per employee has a
significant, but still weak impact on the profitability. Surprisingly, the market share is not
statistically related to the cost sales ratio.
Based on strong statistical criteria, from the above described analysis one could conclude that
manufacturing technology does nothing for the profitability. On one hand, manufacturing
technology influences several performance measures which themselves are related to customer
satisfaction and market share, but not to the value added per employee. At the other hand, value
added influences the cost sales ratio but market share does not. The linkages from manufacturing
technology to profitability are broken. However, such a conclusion is contradictory to any logical
analysis.
directly or indirectly through, e.g., sales personnel product research departments, or customer service offices.
12
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111. Conclusions from Statistical Analyses: Potential Pitfalls
In addition to the above shown regression analysis World Class plants and traditional plants can
be compared with respect to implementation and outcome of the different management practices.
The plants in the sample have been grouped into high and low performing plants using cluster
analysis considering cost situation, quality, delivery time, on time delivery rate, flexibility and
inventory turn over as objective performance measures. Based on this clustering, differences
between high and low performing plants were investigated using T-tests (for a brief description of
T-test see NoruSis 1997).
Each of the participating plants was asked, e.g., to give the percentage of manufacturing
equipment that falls into the following age categories. The categories are: up to two years, 3 to 5
years, 6 to 10 years, 11 to 20 years, and above 20 years. As shown in Table 4 a significant
difference can be found for the percentage of equipment which is newer than 2 years and newer
than 5 years. This finding suggests that high performers use in average newer and more
sophisticated manufacturing equipment5. However, to draw the conclusion that investment in new
manufacturing technology moves a plant from the low performing cluster into the high
performing cluster would be shortsighted since there are additional practices distinguishing these
two clusters. More over, as it will be shown in the following, the results of the statistical analysis
may point into the wrong direction.
5 Due to the technological progress it is a reasonable assumption to link newness of equipment with
sophistication, efficiency and productivity.
13
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a)
E E X .O
% quipmen .
newerthan \ - .I '
2 years 18.38 11.30 0.007 2.721
5 years 50.01 39.85 0.038 2.091
Table 4: Comparison between high and low performing plants
To show the flaws of statistical analysis the process of equipment aging was modeled through
a simple aging chain. The aging chain (see Figure 11 in the appendix for a description of the
model structure) maps as stocks the different age categories. The flows between the stocks
characterize the natural process of aging of equipment. The stocks can be initialized with the
percentage of each age category given by a certain plant and it can be analyzed whether this plant
is able to maintain the age distribution they had at the time of the empirical investigation. E.g. one
of the high performing plants had 50 % equipment which was 2 years of age and younger, 30% of
equipment falls into the category 3 to 5 years, 15% into the category 6 to 10 years, and 5% into
the age category 11 to 20 years. A simulation of the aging chain model with these initial values
shows that this certain plant is able to maintain such a high percentage of new equipment only if
their market growth is around 60% p.a., and if they continuously invest 10% of their revenue.
However, this particular plant only realized a market growth of 4% p.a. and invested only 2.9% of
their revenue. Hence, their newness of equipment is most likely to decline. This shows the danger
of snapshot view usually underlying empirical statistical investigations. Taking this plant's
newness of manufacturing technology as a role model for World Class Manufacturers would
definitely point in the wrong direction. Moreover, it is not suitable to recommend the investments
14
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in new equipment in order to improve your competitive position, without investigating why this
plant has such a high percentage of new equipment and which the processes were that led to their
newness. Empirical investigation should better show the path of improvement and the decisions
and actions taken that caused the changes. But, this is only possible with a dynamic view, rather
than the snapshot approach of traditional empirical cross sectional research.
D. THE DYNAMIC VIEW
I. One Step Beyond the Statistical Analysis: Closing the Feedback Loops
Porter characterizes technological change ,,... as a great equalizer, eroding the competitive
advantage of even well-entrenched firms and propelling others to the forefront..." (Porter 1985)
and therefore influences the structure of whole industries. On the face of it, this description shows
the importance of technology; even more important it shows implicitly that the effects of
technology on competitiveness have to be seen from a dynamic point of view. "Eroding" and
"propelling" indicate that there is a dynamic process and no discrete shift in the competitive
position of a company through the introduction of, e.g., new manufacturing technology by a
single competitor. Neither, the competitors' decisions are uninfluenced from each other-actions
of one company causes the other to react-, nor the markets and the customers show immediate
response to changes in competitiveness resulting from, e.g., improved delivery performance of
one company caused by improved and more reliable new manufacturing equipment. There are
long delays in the interactions between the competing companies, as well as between companies
and customers; and there are feedback loops which may strongly limit or accelerate the outcome
of the actions taken.
15
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However, a typical statistical analysis like the regression model shown in Figure 1 completely
neglects the feedback view. In the following, a more comprehensive view will be discussed based
on a feedback-oriented view of the problem. Basis for the conceptualization of the model, is the
information and data collected within the project, in particular the statistical analysis described in
Figure 1. Causal links between variables are postulated as usual in system dynamics studies.
Though, whenever data were available, causal linkages have been investigated with regression
analysis6. The reason for this approach to model the effects of technology on performance, has to
be seen in the intention of the analysis: the formulation of a theory of success factors in
manufacturing which is supported by broad empirical data.
Starting point of the feedback structure shown in Figure 2, is the performance of
manufacturing technology as defined in the statistical analysis before. Four similar reinforcing
loops Rla-d (marked with dotted gray lines) have been identified causing a process of
exponential growth or decay. Increasing manufacturing technology performance is supposed to
increase flexibility, on time delivery rate, shortens the delivery delay, and improves the
percentage of products delivered to the customer without defects7. These four measures increase
customer satisfaction and cause the market share, as well as the sales volume to be rising. Rising
sales cause the profits to increase and therefore improve the ability of a plant to investment in
6 Correlation between two variables does not necessarily mean that there is also causality. Two variables can be
highly correlated, although there is no logical explanation for that. E.g., a correlation between variables A and B can
be identified, because both variables are influenced by a third variable C. (Richardson and Pugh 1981; Norugis 1997,
Bortz 1993) A famous example of this is, that in some regions of the world, a high correlation between the sighting of
storks and birth rate can be found (see NoruSis 1997).
7 Note, that the indicators of flexibility as shown in Figure 1 have been aggregated into one variable for the sake
of simplicity of the Figure 2.
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manufacturing technology, leads to an improved newness of equipment. Finally the
manufacturing technology performance grows because newer equipment is supposed to be more
sophisticated than older equipment. However, these "benefits from increasing customer
satisfaction"-loops show considerable time delays, since investment decisions have to be made,
new equipment has to be ordered and built up in the plant. Although, the loops Rla-d improve the
manufacturing performance, they are not effective in day-to-day operations (see Repenning and
Sterman 1997, Sterman/Repenning 1997, Repenning 1996 for a discussion of improvement
programs and models explaining their failure).
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Three additional reinforcing loops-marked with dashed lines-(R2a-c) have been identified,
which also cause-ceteris paribus-continuos improvement of a plants manufacturing
capabilities. These loops map the benefits of the investment activities resulting in improvements
of cost situation. As the percentage of products delivered with hidden defects to the customer,
scarp and rework, and down time decreases, the cost situation of a plant will improve. Hence, the
profits, the investments devoted to manufacturing technology, and manufacturing technology will
improve, which then leads to further improvements of scrap and rework, down time and products
delivered with defects.
Undoubtedly these loops will not show unlimited growth. The reinforcing processes are
strongly balanced by the feedback loops of equipment aging (B1). As investment increases, in
fact the amount of recently ordered equipment and hence the newness of equipment rises, but, the
investment decision also puts more equipment into the aging process and equipment becomes
older. Furthermore there are additional loops not shown here like, e.g., the reactions of
competitors to the loss of market share, or the fact that the market share can not grow over 100%,
which also will limit these growth processes. Also the question arises, whether investment in
manufacturing technology leads to an sustainable growth, or whether, e.g. investment in product
technology is the better lever to pull. These questions will be investigated in the remainder of the
paper.
II. Feedback Loops Improving the Competitive Position
Based on the insights gained from the statistical analysis in several steps a model was developed
to show the time behavior created by the feedback structures. In a first step the impact of
18
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improvements of manufacturing technology was investigated. Starting point is the structure
identified and described before in Figure 2 concentrating on one of the central growth loops
(Rib). Figure 3 shows the feedback structure more in detail. An initial investment in
manufacturing equipment increases the newness of the equipment of a plant. Based on the data
available from the empirical data base then the postulated relationship between the newness of
equipment and the effect on on time delivery was estimated with regression analysis supported by
theoretical reasoning for the extreme values of this non-linear relationship (see Goodman and
Senge 1974 for a similar approach). Figure 3 also shows in a scatter plot the distribution of the
data points and the shape of the lookup function which was used to include the nonlinear
relationship in the model (see Ventana System, Inc. 1997 for a description of lookup functions).
Since the on time delivery rate will not show an immediate response, an information delay was
used to calculate the percentage of products delivered as scheduled. Increasing on time delivery
than causes the customer satisfaction to rise. This postulated relationship also could be
investigated using the database of the project World Class Manufacturing (see Figure 3 for
distribution of the data points and the shape of the lookup function). Higher customer satisfaction
causes the market share, the revenue, and the investment budgets for manufacturing technology to
increase. This closes the positive feedback loop which was kicked off through an initial
investment in newer and more sophisticated manufacturing technology.
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This positive feedback is balanced by the boils of equipment aging loops (B l a-d, the loops
with dotted lines). As time goes by the manufacturing equipment gets older and-in the model-
moves through the aging chain before it is depreciated and discarded. The equipment aging
causes the newness of equipment to decrease and therefore weakens the competitive position of
the plant. This quasi-natural process of equipment attrition strongly limits the effectiveness of
investments in manufacturing technology if they are only sporadically. Even keeping the
manufacturing technology performance on a certain level requires a clear manufacturing
technology strategy of continuos investments. A "strategy" of sporadic investment is likely to
generated repeated cycles of improvement and decline of the performance of a plant's
manufacturing area.
Figure 4 shows the simulation of the model with the structure described above, assuming the
plant wants to improve its newness of equipment by increasing the actual percentage of
equipment which is 2 years and younger from the equilibrium value of 8% to 13%. After an
period of over shooting, the desired newness of equipment is falling, but finally stabilizes at the
desired value. The same pattern show the market share and the revenue from sales.
However, in order to stabilize the newness of equipment at the desired level, the plant can
follow two alternatives. First, the plant could invest more and more resources to order new
manufacturing equipment or second, it has to discard the old equipment much earlier. In the first
alternative, increasing orders of new manufacturing equipment also mean that more equipment is
fed into the aging process, which than decreases the newness of equipment. As a consequence
again more equipment has to be ordered to improve the newness again. The intended virtuous
21
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feedback loop Rld turns into a vicious cycle that requires more and more resources and builds up
more and more manufacturing capacity. The capacity built-up introduced through this alternative
cannot be utilized by gaining market share through the improvements of manufacturing
technology. Figure 4 shows a simulation run of the second alternative: discarding older
equipment earlier if capacity utilization does not reach the desired value. After reaching the
desired value of the newness of equipment, discards of equipment rise continuously and then
reach an equilibrium value. The equipment is discarded in this simulation around 2.5 years before
it reaches its normal economic life expectancy. Both alternatives have unanticipated and
undesired side effects. The first leads to over investment, and the second shortens the actual
equipment life only by discarding older equipment in order to increase the capacity utilization.
Strategy: Increase the desired newness of equipment
600 DL
0.6 DL
800,000 $/Month
4 Equipment/Month
300 DL
0.3 DL
400,000 $/Month
2 Equipment/Month
0 DL
0 DL
0 $/Month
0 Equipment/Month
i I i i · t 4
· i. _ i-__ _ '.. . . ..
.i"_ _ _ .... _ _2 _ _.. . . .' 2 '_"
3 -... . .... i . ..,
........~~~~~~~~~ 4- .. ...... , t.4-"' !- -·----· --
i~~~
0 40 80 120 160 200 240
Time (Month)
newness - -- - -.---.---1-  .1 - ----------- 1- ---------- --- ----..--- 1 - ---------- ..------ I 11 . . DL
market share ---- 2-------- 2 . 2 --2 2 -- -- 2 -2 - 2 - -----2 --.-.- - DL
revenue - 3 3 3 3  -3 -3 $/Month
equipment discarded --- 4 4 4 ¢ 4 Equipment/Month
Figure 4: Simulation Results of Investment in Manufacturing Technology
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More realistic would be to utilize the capacity by developing and introducing new products.
Hence, in a second step the model was extended to include the processes of new product
development and introduction. Figure 5 gives an overview of the additional feedback structures.
Growing revenues cause the budgets for new product development to increase which leads to a
higher number of new product development projects. The projects move through several stages
with successes and failures after each stage. Once a new product development projects passes a
stage successfully it moves on to the next development stage and finally will be introduced to the
market. Similar to the process of equipment aging in the manufacturing area, the newly products
are aging and after several years they are taken out of the market. The new product introductions
have two effects, (1) they increase the attractiveness of the range of products a plant
manufactures, and (2) they open up new markets. The growing product attractiveness cause the
market share to rise and therefore again leads to higher revenues; more new product introduction
open up new markets and increase the total market potential. This introduces the positive
feedback loops (R3a+b: Growth from New Products).
However, this positive feedback loop shows a considerable delay, since the development of
new products is a process that takes time. The time delay is even longer than the delay in the
"Growth from Newness"-loop. Higher revenues also come from the development of new markets.
Additionally to this reinforcing loop, several first order feedback control loops could be
identified. However, their effects are not as strong as the effects of the balancing loops of
equipment aging. The "Growth from Newness"-loop as well as the "Growth from New
Products"-loop support each other and therefore weaken the effects of these balancing loops.
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Figure 6 shows additional feedback structures which where included in the model. Starting
point is again the "Growth from Newness"-loop (Rlb). As the volume of demand rises there is an
increasing need to expand the production capacity. As the desired expansion of manufacturing
capacity is realized, more new equipment will be ordered and hence, the newness of equipment
and the performance of the manufacturing technology grows. Improve on time delivery rate,
higher customer satisfaction and an increasing market share causes the demand to grow further.
This introduces the "Growth from Investment"-loop (R4), marked with dashed lines. The
improving newness of equipment affects furthermore the down time of equipment to decline,
because newer equipment is supposed to be more reliable. As a consequence the installed
capacity becomes more effective, and there is less pressure to expand the production capacity.
This has consequences for the investments in new manufacturing technology and the newness of
technology and closes the "Growth from Improvement"-loop marked with dotted lines. The
"Capacity Adjustment"-loop (B2) avoids to built up more capacity than required. The positive
feedback loops R3, R4, and R5 strongly support the "Growth from Newness"-loop, which was in
the model structure discussed before very weak and strongly counter-balanced by the equipment
aging processes. They also weaken the influence of the balancing loops identified in the product
development stages and the product aging processes from Figure 5.
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Figure 7 shows the simulation of this extended model. It is assumed that the plant invests in
the development of new product technology. They don't actively follow a strategy of aiming for a
higher newness of equipment as discussed in the simulation run before. A new product
investment initiative from period 15 to 30 causes the newness of equipment to rise around period
24. This strategy does not show the strong over shooting from the run before, and the newness of
equipment stabilizes at a higher level. Market share and revenue also start to increase after the
first development projects have been successfully finished and the new products have been
launched to the market.
Strategy: Increasing New Product Technology Efforts
600 DL
0.6 DL
20 M $/Month
0.2 DL
300 DL
0.3 DL
10 M $/Month
0.1 DL
0 DL
0 DL
0 $/Month
0 DL
0 40 80 120 160 200 240
Time (Month)
new ness - - - -----..- - ---------- ---------------------------------  D L
market share ----2 -- ----- --2--- --- ---2---2 ---- - 2 - -2- - -2- -- -- ----2 ---- -2---------------- --2 -.... DL
revenue 3 ----- - -- -- ---- 3------- --- ---3------ -------3 - ---- ----3- -- -- --- 3-- --- ---------3 --- -- ----- M onth
percentage investment from revenue ----- 4------- --- ---- -- 4--- DL
Figure 7: Simulation Results of Investment in Product Technology
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The growth in the market share is caused by the improvements in customer satisfaction which
stem from the increasing on time delivery rate and the higher product attractiveness. Since the
newness of equipment stabilizes also the market share shows only s-shaped growth until a certain
level. However, revenues grow exponentially because the continuos new product development
efforts open up new markets and increase the market demand. The continuos increase in revenue
also enables the plant-after a period of strong investments in new manufacturing equipment-
to maintain a constant percentage for investment in new manufacturing equipment. Note, in the
run the latter was not possible. To keep the desired newness of equipment in this run, either an
ongoing increase of the percentage for investment in manufacturing equipment with the
consequence of unutilized capacity, or earlier discarding of equipment was necessary.
Although the time delay of the feedback loops R3a+b are much longer, the new product
development strategy shows a significantly better outcome than the investment in manufacturing
technology strategy. This time delay of the new product development strategy can be made up
through combining both strategies as the following simulation shows. From period 15 on, the
desired percentage of equipment 2 years in age and younger is increased from 8% to 13%, and the
same temporally new product development initiative is launched.
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Figure 8: Combining the Strategies
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Figure 8 shows for the newness of equipment and the market share the time behavior of this
combined strategy. For a direct comparison, the results of each separate strategy are included
additionally. In the combined strategy, both, the newness of equipment and the market share does
not show the overshoot and collapse from the investment in manufacturing technology strategy.
Furthermore the time delay caused by the long new product development processes could
completely be made up. Combining both strategies is an effective means for sustainable
improvement of the competitive position. Investing in manufacturing technology without using
the additional resources-which are created through the improvements in market share and
profitability-for new product development programs cannot generate sustainable growth.
III. Future Research: Linking Technology to Other Management Practices in
World Class Manufacturing
The feedback structure discussed above and the simulation of the model shows the importance of
the feedback view. However, this-in comparison to the statistical analysis-more
comprehensive view, indicates that technology has no end in itself and has to be linked to other
practices and areas of a plant. Figure 9 introduces in addition to the "Growth from Newness"-
loops8 from the figures before(solid black line), the feedback relations to the human resource
system of a plant.
8 Note that the "Growth from Newness"-loops in Figure 9 are shown with less detail only for the sake of
simplicity.
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As the newness of the equipment increases and more sophisticated machinery is used in a
plant, the need to improve the skills of the employees rises. Hence, the budgets for employee
training are increased and more training programs can be started. This strengthens the skills of the
employees of a plant and shows three effects which cause the "Growth from Training"-loops
shown in Figure 9 with dashed lines. First of all, to run new equipment, employees have to know
how to do this. E.g., plants which invest in CNC/DNC equipment9 for the first time have to built
up a staff of workers and engineers who are able to program the machines. If the plants orders
more CNC/DNC machines, they have to increase the number of skilled employees; and if it uses
more sophisticated equipment, the employees have to learn how to operate these new machines.
Hence, employee training leads to a more effective use of manufacturing equipment and to higher
manufacturing technology performance. The second and third effect regard the external and
internal performance measures of the manufacturing system-like, e.g., the on time delivery rate,
the percentage of scrap and rework, or the down time--described in more detail in Figure 2. As
the skills of the employees grow, they work more effectively by producing less scrap and
maintaining better the production schedule. Therefore, the improvements in human resource
performance cause a better cost situation and a higher customer satisfaction. The resulting higher
sales and profits increase the investment budgets and more resources are available for employee
training.
However, the growth from training is limited. The budgets for investment are used for
investments in manufacturing technology and for the training of employees. This introduces the
9 CNC is an acronym for Computer Numeric Control; DNC stands for Direct Numeric Control.
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"Resource Competition"-loop and opens the "Limits for training"-loops shown with dotted lines.
Additionally, the growth from newness of equipment are strongly limited by the human resource
performance. Increasing newness of equipment requires more skilled employees to operate the
machines. Ceteris paribus, the goodness of fit of human resource performance and newness of
equipment declines, and the manufacturing technology is less effective. As a consequence the
internal and external performance measures decline with the known effects on cost and sales.
The resource competition is not only limited to manufacturing technology and human resource
training budgets. The new product development also requires resources. Figure 10 shows, among
others, the three reinforcing feedback loops of resource competition. An increase in the budget for
one area leads to decreasing resources for the two remaining areas-a typical "Success to the
Successful"-structure (see Senge 1990). The consequences of growing budgets for new product
development have been described earlier in this paper. They initiate the "Growth from New
Product"-processes through improved product attractiveness and increased market demand.
However, increasing new product development budgets not only increase the number of new
products. New products usually show a higher product complexity which then requires more
sophisticated manufacturing technology to make them. This can cause a gap in the goodness of fit
of manufacturing technology and product technology and therefore leads to internal and external
performance problems. This "Limits from Adequacy Gap"-loop (marked with dashed lines) slows
down the growth processes initiated by new product development, newness of equipment and also
the growth from employee training from Figure 9.
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The adequacy gap can be closed by higher investments in manufacturing technology (see the
"Adjusting Adequacy"-loop with dotted lines in Figure 10). However, this again reinforces the
resource competition and human resource training and new product development budgets have to
be decreased.
The feedback loops described in Figure 9 and Figure 10 give an overview on the complexity
effective management of technology has to deal with. To understand the time behavior generated
by these loops in a next step a comprehensive simulation model has to be developed and
validated by the data available from the World Class Manufacturing database. Without a
simulation model the understanding of the processes initiated by technological strategies and
other practices in high performing plants can only be limited and be speculative.
E. EMPIRICAL RESEARCH AND SYSTEM DYNAMICS MODELING: HOW CAN
THEY CONTRIBUTE FROM EACH OTHER
As shown before, the two approaches to investigate whether technology is a critical success factor
in the manufacturing area, are different to a large extent. However, both approaches can
contribute from each other.
Since the aim of the project is to formulate a dynamic theory of world class management
practices, in a first step a set of dynamic hypotheses and a simulation model will be formulated
which then will be investigated based on the data collected in the World Class Manufacturing
project. The approach of starting with a model based on observations from a single or only a few
cases and then formulating the general sentences of the theory bears the problem of inductive
reasoning. According to Popper 1966 logically acceptable inductive reasoning is not possible in
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the process of theory formulation. From this point of view, it is necessary to formulate the theory
first, then evaluate it on the basis of a representative sample and not only single cases. This is to
some extent a different approach than traditional system dynamics modeling, which usually starts
with a client's problem and trying to solve it through the process of modeling and simulation.
However, to formulate a theory of world class manufacturing one has to go far beyond static
statistical analysis since it is a highly dynamic phenomenon. Considering this, it is only
consequent to use system dynamics to support the formulation of a dynamic theory of world class
manufacturing.
In this sense, the data empirical data base can be very helpful for several reasons:
· the data can be used for model parameterization and the definition of non linear
relationships between variables,
· and for investigating hypotheses about causal relationships between variables through
correlation and regression analysis.
For the latter, it again has to pointed out, that correlation between variables does not
necessarily mean that there also is causality and vice versa (see Richardson and Pugh 1981 for a
more detailed discussion and potential pitfalls of interpreting the results of statistical analysis in
the context of system dynamics modeling).
In addition to this contribution, the design of the questionnaires made reliable and valid
measurement of soft variables like commitment, pride in work, willingness to introduce new
products, etc. possible. This has to be seen as a strong support for the conceptualization of a
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general dynamic model of world class manufacturing practices and their importance for the
performance of plants.
The field of system dynamics can also make some major contributions to the empirical
research in general and to the research in the World Class Manufacturing framework in particular.
Ideally, in empirical research a general set of dynamic hypotheses should be formulated first, then
the questionnaires should be designed and the broad data collection-cross sectional and
longitudinal-should be done. These data then can be used more effectively to investigate the
assumptions about the interrelations and to improve the quality of the research. This model-
driven data collection is clearly the preferable way. Data-driven analysis of empirical research
often leads to an overload of information and does not consider the dynamic implications of
recommendation based on the statistical "snapshot"-analysis. Using a dynamic model of all the
logically and intuitively deduced feedback relations between variables enables researchers to ask
questions that really matter-questions that clarify the structure of the system, because the system
structure causes the time behavior (Forrester 1968).
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